In an attempt to identify organisms that produce diffusible lignin~ degrading systems, a culturing apparatus was constructed which contained two compartments separated by a bacteriological membrane filter. Lignin~ degrading fungi were grown with lignocellulose in one compartment, and diffusion channels were maintained through the membrane to sterile lignocellulose in the adjoining compartment, For the fungi tested both lignin and carbohydrate were degraded when the mycelium and the substrate were in physical contact, but only carbohydrate was degraded significantly in the adjoining compartment containing sterile lignocellulose. Two organisms, Coriolus versicolor and Trichoderma reasii QM 9414 displayed slight diffusible lignin-degrading activity. Some fungi produced more diffusible carbohydrate-degrading activity than others.
SUMMARY
In an attempt to identify organisms that produce diffusible lignin~ degrading systems, a culturing apparatus was constructed which contained two compartments separated by a bacteriological membrane filter. Lignin~ degrading fungi were grown with lignocellulose in one compartment, and diffusion channels were maintained through the membrane to sterile lignocellulose in the adjoining compartment, For the fungi tested both lignin and carbohydrate were degraded when the mycelium and the substrate were in physical contact, but only carbohydrate was degraded significantly in the adjoining compartment containing sterile lignocellulose. Two organisms, Coriolus versicolor and Trichoderma reasii QM 9414 displayed slight diffusible lignin-degrading activity. Some fungi produced more diffusible carbohydrate-degrading activity than others.
INTRODUCTION
Lignin is one of the most abundant organic compounds in nature, yet while a number of fungi (9) and some actinomycetes (5) and bacteria (22, 18) are know to be able to degrade lignin, the biochemistry of the process is still only poorly understood (2,1).
The main impediment to understanding lignin metabolism is the absence of a demonstrated cell lignin-degrading system. Discovery of such a system would not only allow description of the process but would also, potentially, allow development of schemes for the biodelignification of lignocellulosic materials and, perhaps, the production of useful organic chemicals from lignin. Delignification may be useful or necessary (depending on the process and substrate) in cellulose-based bioconversion processes where the presence of lignin inhibits the action of cellulolytic enzymes and thus the production of soluble sugar (12, 23, 21) In a previous report (20) an apparatus termed a diffusion chamber was described which consisted of two aerobic compartments separated by a bacteriological membrane filter. The device allowed continuous passage of enzymes and metabolites between a growing mold culture in one compartment and a moist, sterile lignocellulosic substrate in the other.
It was felt that this apparatus would be useful for a preliminary vestigation of cell-free lignin and carbohydrate degradation because more traditional enzyme isolation techniques could involve inactivation of one or more components of the systems (21) . In the diffusion chamber there is the potential for continuous synthesis of necessary enzymes and other metabolites.
The organism originally tested in this apparatus. Chrysosporium pruinosum (= Phanerochaete chrysosporium). a thermotolerant lignocellulosedegrading fungus, produced diffusible carbohydrases which hydrolyzed approximately 50% of the carbohydrate in the sterile lignocellulosic substrate.
The mold grew at the expense of the hydrolysis products in the chamber on the opposite side of the bacteriological filter separating the two compartments.
These facts indicated that diffusion of enzymes and hydrolysis pr:.>cucts was occurring b,~tween the two compartments. However, little or no lignin was degraded in the sterile substrate. Under conditions where the organism grew in direct contact with the lignocellulosic substrate 50% of the lignin md 80-90% of the carbohydrate were degraded (20) .
Among cellulolytic organisms both soluble (diffusible) and cell-bound cellulase systems are encountered (3, 17) . It was considered possible that the same dichotomy might apply to the enzymes of lignin-degrading species. It was. thus, decided to test a number of known lignin-degrading organisms in the diffusion-culture apparatus to see if any would give evidence of producing a soluble lignin-degrading system. In addition the diffusibility of the carbohydrate-degrading enzymes could be examined. Table I lists the organisms tested (all fungi) and the approximate temperature and pH optima for growth. These were determined using 5 degrees temperature intervals and 0.5 unit pH intervals as described previously (19).
MATERIALS AND METHODS
Each organism was grown using the conditions of temperature and pH listed.
Cultures were stored at 4°C on slants of the complex media indicated and transferred every 9 months, The composition of these media has been described (19) .
To assess lignocellulose degradation. organisms were grown in moist lignocellulose (washed cattle manure fiber) on the surface of agar plates or in diffusion chambers (20 After preparation of the diffusion chambers as described previously (20) .
200 mg of dry. sterile manure fiber was added to the top compartments which were then inoculated with 2.0 ml of a culture suspension. All plates and diffusion cultures were incubated in sealed plastic bags ("Clavies,!! Cole-Parmer
Corp., Chicago, Ill, U.S.A.) containing water and an atmosphere of pure oxygen.
One ml of medium of the appropriate pH was added weekly to each diffusion culture, and the bags were flushed and re-fi1led with oxygen and re-incubated.
Procedures for analysis of residual lignin and carbohydrate have been described (20) .
RESULTS
The organisms tested have been grouped on the basis of the relative amount of lignin degradation seen in the agar plate cultures (Fig. 1 ).
Members of Group I showed the greatest ability to degrade lignin (~ 90% loss in 30-60 days). P. vitico1a was included in this group on the basis of the results from the inoculated diffusion culture. The P. viticola data are from 60 day cultures whereas the other diffusion cultures were harvested after 30 days.
Values for residual lignin and carbohydrate in the 30 day inoculated P. It is unusual that different isolates of the same species (E. annosa) would have such different temperature optima. Similar differences were found between strains of I. reesii. (Table 1 ) but in this case the organisms were the product of specific mutagenesis and selection (15,l6) .
With the exceptions of Poria placenta (4,11), a brown rot, and the two Trichoderma strains the fungi tested in this work have all been reported to degrade lignin (and cellulose). They were chosen for this study because they appeared to represent a spectrum of physiological types with respect to their lignin and carbohydrate-degrading abilities. It was hoped that by examining organisms with known differences in lignin metabolism the chances of finding one that produced a diffusible lignin-degrading system would be enhanced. A similar situation was seen with the lignin-degrading mold Chrysosporium pruinosum (= R: ~h:rysosporium) growing with manure fiber in shake flask cultures (20) . Under these conditions lignin degradation was inhibited, and carbohydrate degradation was reduced from a normal 90% to 50%. In diffusion cultures the same picture was seen. In the absence of lignin degradation in the sterile fiber carbohydrate loss reached a maximum of only 50% (20) .
Members of Groups II and III showed good to moderate lignin-degradating ability on plates and in the inoculated diffusion cultures except for ~.
chrysosporium ME 446, For Group II strains carbohydrate degradation on plates was extensive. however. lignin and carbohydrate degradation in the inoculated diffusion cultures was sometimes not as extensive as seen on the plates.
This may be attributable to the fact that the diffusion cultures received nutrients and buffer only at weekly intervals while a continuous supply of these was available in the plate cultures.
~. chrysosporium ME 466 appeared not to be able to degrade lignin in the inoculated diffusion cultures. It was thought that soluble sugars produced in the sterile fiber might be repressing the synthesis or activity of lignin-degrading enzymes in the inoculated· compartment. To test this hypothesis, cultures were incubated for 60 days to insure that all free sugars would be depleted. The same degradation pattern was seen. At the present time, I can only suggest that the poorer control of environmental parameters in the diffusion cultures vis! vis the agar plate cultures is responsible for the absence of lignin loss in the former.
In earlier work with this system using ~, pruinosum no substrate was included in the inoculated portion of the chamber; nevertheless growth occurred. and carbohydrate was degraded in the sterile substrate (20) , It was recognized at the time that the absence of lignin degradation in the sterile compartment might be due to the lack of a lignin-related inducer of lignin-degrading enzymes in the growth chamber. To test this hypothesis, the experiments were repeated with lignocellulose fiber included in the inoculated chamber, The same results were obtained (S. Rosenberg.
unpublished data), Carbohydrate, but not lignin, was degraded in the sterile chamber, In the inoculated chamber both lignin and carbohydrate were lost,
The pattern was similar to that seen in this study for ~, chrysosporium HHB,
The three members of Group I showed a pattern of cellulose degradation in diffusion cultures different from the other organisms tested, While lignocellulose degradation was excellent when hyphae were in contact with the substrate, both lignin and carbohydrate degradation were poor in the sterile substrate. This suggests that both the lignin and carbohydratedegrading systems or one or more key components of these systems are closely associated with themyceliwn in these organisms.
Data from previous studies indicate that as much as 10% of the lignin can be lost from uninoculated controls using these growth systems ( 
